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collected from mating of single broodstock couples were isolated and raised at 28.5ºC 123 and staged according to the number of hours post-fertilization (hpf) [43] . For whole-124 mount in situ hybridization analyses, dechorionated embryos were fixed overnight at 4 125 ºC in 4 % paraformaldehyde in 1xPBS, washed in PBS, and dehydrated through a 126 methanol series, and stored at -20 ºC in 100 % methanol. To inhibit embryo 127 pigmentation, embryo medium was supplemented with 0.003 % 1-phenyl-2-thiourea 128 (PTU, Sigma, Alcobendas, Spain) [44] . as antioxidant. FA methyl esters were prepared, extracted, purified, and analysed by GC 159 in order to calculate the proportion of substrate FA converted to elongated FA product 160 as [product area/(product area +substrate area)] x 100. Identities of FA peaks were 161 based on GC retention times and confirmed by GC-MS as described previously [30, 43] . 162
163
Sequence and phylogenetic analysis of Elovl2 164
The amino acid (AA) sequence deduced from the zebrafish Elovl2 cDNA 165 (gb|NP_001035452|) was compared with human (gb|NP_060240|), mouse 166 (gb|NP_062296|) and rat (gb|NP_001102588|) ELOVL2s, amphibian Xenopus laevis 167 (gb|NP_001087564|) and X. tropicalis (gb|NP_001016159|) Elovl2s, bird Taenopygia 168 guttata (gb|XP_002186815.1|) and Gallus gallus (gb|XP_418947|) predicted Elovl2-like 169 proteins, and salmon Elovl2 (gb|FJ237532|) using the EMBOSS Pairwise Alignment 170
Algorithms tool (http://www.ebi.ac.uk/Tools/emboss/align/). A phylogenetic tree was 171 constructed on the basis of the AA sequence alignments between the putative zebrafish8 Elovl2, Elovl2 orthologs and Elvol5 proteins, and using the Neighbour Joining method 173 [47] . Confidence in the resulting phylogenetic tree branch topology was measured by 174 bootstrapping through 1000 iterations. 175
176
Temporal expression of fad, elovl5, elovl2 during zebrafish ontogeny 177
To study the expression of the target genes during the embryonic development of 178 zebrafish, total RNA was extracted from pools of 20-30 embryos collected at 0, 3, 6, 9, 179 12, 14, 24, 48, and 72 hpf using Tri Reagent (Sigma) according to manufacturer's 180 protocol. Five !g of total RNA was reverse transcribed into cDNA using M-MLV 181 reverse transcriptase first strand cDNA synthesis kit (Promega, Madison, USA). 182
Qualitative expression of fad, elovl5 and elovl2 transcripts during embryonic 183 development was determined by reverse transcriptase PCR (RT-PCR) on cDNA 184 samples, with an initial denaturing step at 95 ºC for 2 min, followed by 35 cycles of 185 denaturation at 95 ºC for 30 s, annealing at 60 ºC for 30 s, and extension at 72 ºC for 1 186 min 40 s, followed by a final extension at 72 ºC for 5 min. Expression of -actin was 187 also determined as reference gene [48] . Primers used for RT-PCR on embryos cDNA 188 samples are shown in Table 1 Wilmington, USA), and serial-diluted to generate a standard curve of known copy 207 numbers. The qPCR amplifications were carried out in triplicate using a Quantica 208 machine (Techne, Cambridge, UK) in a final volume of 20 !l containing 5 !l diluted 209
(1/10) cDNA, 0.5 !M of each primer and 10 !l AbsoluteTM QPCR SYBR ® Green mix 210 (ABgene, Epsom, UK). Amplifications were carried out with a systematic negative 211 control (NTC -no template control, containing no cDNA). The qPCR profiles contained 212 an initial activation step at 95 °C for 15 min, followed by 40 cycles: 15 s at 95 °C, 15 s 213 at the specific primer pair annealing Tm (Table 1) Table 2) . 255
The traces show the major endogenous FA (16:0. 16:1n-7, 18:0 and 18:1n-9) and 256 additional peaks corresponding to the substrate and elongation products (Fig. 3) . Thus 257 exogenously added 18:4n-3 (Fig. 3A) and 18:3n-6 (Fig. 3B ) were elongated to their 258 corresponding C20, C22 and C24 elongation products 20:4n-3, 22:4n-3 and 24:4n-3 259 (from 18:4n-3) and 20:3n-6, 22:3n-6 and 24:3n-6 (from 18:3n-6). Total conversion of 260 C18 substrates ranged from 20.1 -23.0 % ( Table 2 ). Higher elongation rates were 261 observed for C20 substrates 20:5n-3 (78.4 %) and 20:4n-6 (65.3 %), being elongated to 262 C22, C24 and C26 products (Fig. 3C-D) . Elovl2 also elongated C22 FA substrates to 263 C24 and C26 elongation products. Thus, yeast transformed with pYES2-elovl2 264 converted 22:5n-3 to 24:5n-3 and 26:5n-3 (Fig. 3E) , and 22:4n-6 was elongated to 265 24:4n-6 and 26:4n-6 (Fig. 3F) with significantly higher levels of these transcripts found in liver than any other tissue. 292
Although no significant differences were found, intestine and brain also showed high 293 levels of transcripts, especially fad and elovl2. Muscle and gill appear to be tissues with 294 very low expression of the three genes. Generally speaking, expression of zebrafish fad 295 gene was higher than those of elongase genes.
297
Fatty acid composition of zebrafish embryos 298
Activity of the enzymes involved in LC-PUFA biosynthesis during zebrafish 299 embryogenesis was estimated by comparing levels of C18 substrates (18:3n-3 and 300
18:2n-6) with levels of all potential desaturation/elongation products (Fig. 7) . Total 301 amount of C18 precursors decreased by around 50% over the time-course of 302 embryogenesis, and the levels of products of the biosynthetic pathway showed a steady 303 increase as development proceeded (Fig. 7) . Contents of DHA, the most abundant 304 PUFA in zebrafish embryos, initially decreased until 9 hpf, and then increased until the 305 end of embryonic development. The fatty acid profiles (!g of fatty acid per mg of total 306 lipid) of zebrafish embryos at different stages of development are shown in Table 3 . 307 308 Discussion 309
Our overall objective is to elucidate the molecular mechanisms controlling LC-PUFA 310 synthesis in vertebrates. Using zebrafish as a model species, the specific aim of the 311 present study was to determine the ontogenic changes in expression of genes of the LC-312 PUFA synthesis pathway during development. In order to do this, we examined all the 313 key genes of LC-PUFA synthesis pathway. Previously, we cloned a Fad cDNA from 314 zebrafish that was unique among vertebrate Fads in showing dual 6/ 5 activity [43] . 315
The enzyme product displayed all the fatty acyl desaturation activities required for the 316 synthesis of EPA and DHA [50] . Subsequently, a PUFA elongase cDNA was also 317 isolated from zebrafish [30] . In mammals, ELOVL2 and ELOVL5 have been shown to 318 participate in LC-PUFA biosynthesis [8,9,51,52]. Mammalian ELOVL5 is 319 predominantly involved in the elongation of C18 and C20 PUFA, whereas ELOVL2 has 320 greatest activity in the elongation of C20 and C22 PUFA and, therefore, appears to be a 321 The AA sequence of the newly cloned zebrafish elongase shows high identity to the 333 recently cloned salmon elongase cDNA, which has been shown to be an Elovl2 334 orthologue [33] , and relatively high identity to mammalian ELOVL2s. Phylogenetic 335 analysis groups the zebrafish elongase into a cluster with greatest similarity to salmon 336
Elovl2 and other Elovl2-like genes from mammals, amphibians and birds, and more 337 distantly from Elovl5 elongases. Functional characterisation of the zebrafish cDNA 338 confirms that the encoded protein elongated C20 and C22 PUFA and so the elongase is 339 designated as an Elovl2. Recombinant yeast containing zebrafish Elovl2 cDNA also 340 produced C26 PUFA from their corresponding C20 and C22 substrates, although these 341 conversions are unlikely to occur in vivo because of competition with 342 intermediate C24 PUFAs [6] . As described for mouse and salmon, zebrafish elovl2 343 cDNA encodes an enzyme that also has C18-20 elongase activity [8, 33] . This is in 344 contrast to human ELOVL2, which is only active towards C20 and C22 substrates [8] .
Elovl5s, is the high activity towards C22 PUFA shown by zebrafish Elovl2. Therefore, 347
Elovl2 is a key component in the biosynthesis of DHA, where two consecutive 348 elongation steps from 20:5n-3 to 22:5n-3 and 22:5n-3 to 24:5n-3 are required, followed 349 The present study also demonstrates that adult zebrafish expressed 6/ 5 fad, elovl5 426 and elovl2 genes in all tissues analysed. In agreement with previous studies on 427 freshwater fish, our results show that the genes in zebrafish are predominantly 428 expressed in liver, intestine and brain implicating these tissues as the most active in LC-429 PUFA biosynthesis [33, 46] . This is consistent with liver and intestine being the major 430 sites of lipid synthesis and distribution. Furthermore, liver and intestine have been 431 described to be the primary tissues for LC-PUFA synthesis in salmonids [66, 67] . 432
Comparison of transcript levels indicates that fad expression is consistently higher than 433 that of both elongases. This could be related to the fact that zebrafish Fad, having dual 434 -PUFA biosynthesis 435 [43] . 436
In conclusion the present study demonstrates that zebrafish Elovl2 shows substrate 437 specificity towards C20-and C22-PUFA, indicating its important role in synthesis of 438 LC-PUFA, particularly DHA. All three genes, fad, elovl5 and elovl2, are ubiquitously 439 expressed in adult zebrafish tissues with highest expression levels in liver, intestine and 440
brain. Our results demonstrate the presence of fad, elovl5 and elovl2 transcripts from the 441 zygote stage indicating that maternal transfer of mRNA occurs in zebrafish. Subsequent 442 increases of fad and elovl2 transcript levels however, suggest endogenous embryonic 443 expression is activated at later stages when required for neuronal tissues development. 111 ppprrreeedddooommmiii nnnaaannntttlll yyy nnn-----999 iii sssooommmeeerrr;;; 222 ppprrreeedddooommmiii nnnaaannntttlll yyy nnn-----111111 iii sssooommmeeerrr;;; PPPUUUFFFAAA,,, pppooolll yyyuuunnnsssaaatttuuurrraaattteeeddd fffaaattttttyyy aaaccciii ddd;;; hhhpppfff,,, hhhooouuurrrsss pppooosssttt-----fffeeerrrtttiii lll iii zzzaaatttiii ooonnn 
